1. Introduction {#sec1}
===============

Autophagy is an intracellular process that removes damaged tiny cellular organelles and aggregate or misfolded protein components [@bib1], in addition to maintaining a diversity role of physiological procedures, including glucose maintenances [@bib2], metabolism of lipid [@bib3], and control of aging [@bib4]. When autophagy is dysregulated, defective proteins and damaged organelles cannot be properly removed, and therefore, their accumulation leads to pathological conditions [@bib1]. Interestingly, suppression of cellular autophagy effects on early aging of *Caenorhabditis elegans* [@bib5], but enhanced autophagy was shown to extend the lifespan in *Drosophila melanogaster* [@bib6]. Previous studies also reported that deletion of autophagy-related genes, Atg, provokes a difference of cellular homeostasis, leading to cause obesity [@bib7], resistance of insulin biosynthesis [@bib8], accelerated diabetics [@bib9], as well as neurodegeneration diseases [@bib2]. The cellular mechanism of neurodegenerative diseases is closely correlated with the formation of abnormal protein aggregates, such as amyloid-β peptide [@bib10] in addition to tau protein aggregation [@bib11] in the neurodegenerative Alzheimer\'s disease, α-synuclein in case of Parkinson\'s disease [@bib12], as well as in Huntington\'s disease (HD) [@bib13]. When considering that failure to remove the aggregated proteins by autophagy can cause the accumulation of misfolded protein aggregates, autophagy pathway may serve as an attractive therapeutic target to treat neurodegenerative diseases. Indeed, among all cell types, neuronal cells are particularly susceptible to impaired autophagy [@bib14], leading to a struggle to conserve synaptic function [@bib15] and axonal maintenances [@bib16]. Moreover, numerous studies have demonstrated connection of autophagy signaling and neurodegenerative diseases [@bib17]. Therefore, in this study, we examined how natural bioactive components GT, derived from traditional herbal medicine ginseng, influence autophagy enhancement in cortical astrocytes.

Gintonin (GT), a glycolipoprotein isolated from the root of ginseng (*Panax ginseng* Meyer), acts as a ligand of G-protein--coupled lysophosphatidic acid (LPA) receptors and regulates intracellular Ca^2+^-dependent ion channels through LPA receptor signaling pathways in neuronal cells. In addition, ginseng major latex-like protein 151, a key protein component of gintonin, binds to LPAs and makes them additionally stable and soluble than free LPAs that stimulate *in vitro* \[Ca^2+^\]~i~ transients in nonneuronal and neuronal cells which has pharmacological effects in the nervous system *in vivo* [@bib18]. *In vivo* studies have shown that GT facilitates long-term potentiation [@bib19] in the brain slices of hippocampus by increasing glutamate release [@bib20]. In addition, GT treatment also enhanced the expression of Brain-derived neurotrophic factor (BDNF) as well as the levels of phosphorylated cAMP response element binding protein (CREB) protein in normal mice [@bib21]. Furthermore, long-term oral administration of GT reduced the deposition of β-amyloid plaque, protected short- and long-term memory damage in a transgenic mouse model of AD [@bib22], and inverted hippocampal cholinergic dysfunctions [@bib23]. Given that GT decreased the hippocampal β-amyloid burden, it may contribute to the removal of protein aggregates by regulating autophagy. However, it remains to be examined whether GT influences autophagy in mouse primary cortical astrocytes.

To address this question, we elucidated the mechanism of effect of GT on autophagy in primary culture of cortical astrocytes and found that GT enhanced autophagy through G protein--coupled LPA receptor ligand-mediated pathway. Our findings indicate that GT serves as an LPA receptor activator and induces mammalian target of rapamycin (mTOR)-dependent autophagy in astrocytes and that GT upregulates autophagy initiation protein such as Atg5, Atg7, and Beclin-1 in mouse cortical astrocytes. Moreover, exposure to GT leads to excessive activation of autophagic flux, leading to an increase in lysosome-associated membrane protein 1 (LAMP1) generation as well as a decrease in ubiquitinated p62/SQSTM1 in astrocytes. Therefore, we propose that GT can promote the clearance of misfolded/aggregate-prone proteins in neurodegenerative diseases by stimulating autophagy pathway.

2. Materials and methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

Atg5, Atg7, Beclin-1, LC3, phospho-SQSTM1, phospho-S6, total S6, AMP-activated protein kinase (AMPK), and COX2 antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA). Bcl-2, Atg5, Atg7, and Beclin-1 siRNA were obtained from Santa Cruz Biotechnology (Santa Cruz CA, USA). 4′,6-Diamidino-2-phenylindole (DAPI), bafilomycin A1, E-64d protease inhibitor (E-64d), 3-methyladenine (3-MA), pepstatin A, and rapamycin were obtained from Sigma (St. Louis, MO, USA). Protease inhibitor mixture was obtained from BioVision (Mountain View, CA, USA). LPA C18:1 was obtained from Avanti Polar Lipids, Inc. (Alabama, USA). Ki16425 was obtained from Cay-man Chemicals-Interchim (Montlucon, France).

2.2. Preparation of gintonin fraction from ginseng root {#sec2.2}
-------------------------------------------------------

One kilogram of 4-year-old ginseng was ground into small pieces (\>3 mm) and refluxed with 80% ethanol (EtOH) three times for 8 h at 80°C each. The EtOH extracts (60 g) were concentrated and dried after extensive dialysis. The EtOH fraction of *Panax ginseng* dissolved in phosphate-buffered saline (PBS, pH 7.2) was loaded onto a column packed with Diethylaminoethanol (DEAE) sepharose CL-6B (GE Healthcare, Chicago, Il, USA) and equilibrated with PBS. The unbound materials were eluted with the same buffer, and the bound materials were eluted with a linear gradient of 0--1 M NaCl in PBS. The eluted fraction was further dialyzed at 4°C for 8 h with 1,000-fold excess distilled water using a Spectra/Por dialysis membrane (molecular weight cut off 6,000-8,000; Spectrum Laboratories, Rancho Dominguez, CA, USA) to further remove small molecular components such as ginsenosides and other components that might remain in the fraction (2 g) [@bib24]. This fraction was designated edible gintonin.

2.3. Primary astrocyte culture {#sec2.3}
------------------------------

Primary astrocytes were cultured from 1-day-old Institute of Cancer Research (ICR) mice brain (Orient Bio Inc. Korea). Whole brains were separated and immersed in Hank\'s buffered salt solution (HBSS) buffer accompanied with penicillin and streptomycin. The cerebral hemispheres were carefully removed, digested with 0.1% trypsin--0.05% EDTA for 25 min and inverted every 5 min at 37°C and detrypsinized by Dulbecco\'s Modified Eagle\'s Medium (DMEM) medium in 10% Fetal Bovine Serum (FBS). Cells were seeded in 100-mm cell culture disc with 10% FBS and 10% horse serum and then grown at 37°C in a 5% CO~2~ incubator for 7 days. The culture dishes were washed with PBS and shaken manually to get pure astrocytes. These astrocytes were used for further experiments.

2.4. Immunocytochemistry staining {#sec2.4}
---------------------------------

After treatment with GT, astrocytes were washed with 1X PBS and then fixed with 100% methanol at −20°C for 15 min. After fixation, they were rinsed three times in 1X PBS for 5 minutes each and blocked using normal goat serum (5%) comprising Triton X-100 (0.3%) and 1X PBS at 60 min. Subsequently, the cells were coincubated in mouse mAb anti-Glial fibrillary acidic protein (GFAP) antibody (1:50) (Alexa Fluor 555 Conjugate, Cell Signaling Technology, Beverly, MA, USA) and LC3II (Alexa Fluor 488 Conjugate, Cell Signaling Technology, Beverly, MA, USA) (1:50) antibodies at 4°C overnight in 1X PBS, 1% BSA, and 0.3% Triton X100. After incubation, the cells were washed with 1X PBS, and then nuclei were stained with DAPI. LC3II puncta were visualized and captured using a confocal microscope Leica Application Suite X (LAS X) (Leica Microsystems, Germany).

2.5. Measurements of autophagy flux {#sec2.5}
-----------------------------------

We used confocal microscopy to count the number of LC3 punctate staining per cell. Results were presented as average ± standard error of mean (SEM) and correlate with a measurement of the punctate in a minimum of three independent images, and at least five cells were counted per condition, and therefore, average counting number was plotted in the bar graph.

2.6. Transfection of astrocytes with siRNA {#sec2.6}
------------------------------------------

Primary astrocytes were transiently transfected by small interfering RNA of Atg5, Atg7, and Beclin-1 with Lipofectamine™ 2000 (Invitrogen Inc. Carlsbad, CA) based on the manufacturer\'s guidelines. Briefly, cell was cultured in a 12-well dish with 1 mL of DMEM with no antibiotics. Lipofectamines were mixed and diluted in normal medium and then kept at RT. Lipofectamines were homogenously mixed and gently vortexed with previously diluted siRNA oligomer (final concentration 50 nM), and then transfection mixture was incubated for a minimum of 20 min at RT. Afterward, complex mixture was slowly added into the well comprising astrocytes at 48 h. After transfection, astrocyte culture was treated with GT for 24 hours, and immunocytochemistry as well as immunoblotting analysis were performed subsequently. Scrambled siRNA of 50 nM was also added in each control condition during the experiments.

2.7. Western blot analysis {#sec2.7}
--------------------------

Primary astrocytes plated on the 6-well dishes were pretreated with different inhibitors and subsequently treated with different concentrations of GT. Cells were harvested by protein extraction solution Radioimmunoprecipitation assay buffer (RIPA) (ELPIS-BIOTECH. Inc, Taejeon, Korea) (pH 7.5, 50 mM Tris-HCl, 1 mM Phenylmethylsulfonyl fluoride (PMSF), 1% NP-40, 0.5% deoxycholic acid, 0.1% Sodium dodecyl sulfate (SDS) , 150 mM NaCl). Cells were collected and placed on ice for 30 min and then centrifuged at 14,000 rpm for 10 min at 4°C. Upper layers were taken in a new tube. Quantification of protein was carried out by the Bradford protein assay. Equivalent quantities of protein sample was loaded and separated by Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (8--15% reducing gels) and finally transferred to a membrane. The membrane was blocked by 5% skim milk for 1 h and incubated overnight with appropriate primary antibodies at 4°C. Next day, the membrane was washed and incubated with secondary horseradish peroxide--conjugated antibodies (Jackson Immuno Research) and washed again with Tris-buffered saline, 0.1% Tween 20 (TBST) for 1 h. After three washes, the signal was detected using an Enhanced chemiluminescence (ECL) kit (iNtron Biotechnology, Seoul, Korea). The band detection of protein expression was performed using AlphaEase program (Alpha Innotech, San Leandro, CA).

2.8. Statistical analysis {#sec2.8}
-------------------------

Results are indicated as mean ± SEM. Statistical analysis was examined by one-way and two-way analysis of variance followed by contrast analysis using Prism program (GraphPad Software Inc., San Diego, CA). The significance of the experiments was calculated by a Student *t* test. All the values of *p* \< 0.05 were considered significant.

3. Results {#sec3}
==========

3.1. Gintonin induces autophagy in a concentration- and time-dependent manner through G protein--coupled receptors (GPCR) -mediated pathway in cortical astrocytes {#sec3.1}
------------------------------------------------------------------------------------------------------------------------------------------------------------------

To investigate whether GT activates autophagy, we examined the effect of GT in primary culture of mouse cortical astrocytes by Western blotting and immunocytochemistry. In response to GT, microtubule-associated protein 1 light chain 3, an LC3-II autophagy marker, was upregulated in astrocytes in a concentration-dependent manner ([Fig. 1](#fig1){ref-type="fig"}A; [Supplementary Figs. 1A, 1B](#appsec1){ref-type="sec"}). The increase in autophagy in astrocytes was most significant 12 h and 24 h after treatment ([Fig. 1](#fig1){ref-type="fig"}B). To check autophagic effects of GT, furthermore, we also examined human U87MG glioblastoma cells. Here, we found that GT dose- and time-dependently upregulated LC3-II expression in U87MG cells ([Supplementary Figs. 1C, 1E](#appsec1){ref-type="sec"}). In addition, GT treatment significantly increased the amount of LC3 puncta in astrocytes, whereas the intensities of GFAP, an astrocyte marker, remain unchanged ([Figs. 1](#fig1){ref-type="fig"}C, 1D). A previous study reported that GT binds to GPCR-LPA receptors with highest affinity and initiates intracellular signaling pathways such as activation of Ca^2+^-dependent kinases and neurotransmitter release [@bib18]. Therefore, we examined whether GT-induced autophagy was mediated by G protein--coupled LPA receptors in cortical astrocytes. Interestingly, we found that pretreatment with an LPA receptor antagonist, Ki16425 [@bib25], significantly attenuated GT-induced autophagy, whereas the pretreatment with an LPA agonist, LPA 18:1, increased autophagy ([Fig. 1](#fig1){ref-type="fig"}E). Also, given that neuroinflammation is an important characteristic in the pathogenesis as well as progression of several neurodegenerative diseases [@bib26], we examined whether GT treatment exhibits any neuroinflammatory effects in astrocytes by comparing with a widely used neuroinflammatory compound, lipopolysaccharide (LPS) and interferon beta (IFN-β). Our results demonstrated that inflammatory stimuli LPS and IFN-β concomitantly increased the expression of autophagic protein LC3-II along with the expression of inflammatory proteins such as Cox2 in astrocytes. However, astrocytes treated with GT did not show the expression of inflammatory proteins Cox2, indicating that GT has no neuroinflammatory activities in cortical astrocytes ([Supplementary Fig. 2](#appsec1){ref-type="sec"}). Taken together, our results suggest that GT-mediated autophagy is primarily dependent on the GPCR-LPA receptors mediated in cortical astrocytes without neuroinflammatory activities.Fig. 1GT-induced autophagy in mouse primary cortical astrocytes. (A) Representative immunoblot of LC3-II/LC3-I expression in astrocytes treated with GT for 24 h. (B) Immunoblot study of LC3-II/LC3-I expression in astrocyte treatment with 10 μg/mL GT for several time points. Densitometry analysis of LC3-II expressions was performed using Image J. All statistical data are indicated as mean ± SEM (n = 3,\**P* \< 0.05). (C) For immunocytochemistry analysis, astrocytes were treated with 10 μg/mL of GT for 24 h. Astrocytes were fixed and stained with Alexa fluor 555--conjugated anti-GFAP mouse mAb (red) and Alexa fluor 488--conjugated anti-LC3 antibody (green). Representative images of the cells were taken with a confocal microscope, and arrows indicate LC3 puncta. The numbers of LC3 puncta were quantified in at least 3 independent random areas of each slide, and at least 5 cells were counted (\*\**P* \< 0.01). (D) GFAP intensities were determined via statistical analysis from confocal microscopic data counted in each individual experiment (n = 3, ns = not significant). (E) Astrocytes were pretreated (30 min) with Ki16425 or LPA 18:1 (used as a positive control) and treated with 10 μg/mL of GT for 24 h. LC3-II/LC3-I expression was determined by Western blotting. Statistical analysis was performed by two-way ANOVA, and data are indicated as mean ± SEM (n = 3, \*\**P* \< 0.01, ns = non-significant).ANOVA, analysis of variance; DAPI, 4′,6-diamidino-2-phenylindole; GFAP, Glial fibrillary acidic protein; GT, gintonin; LPA, lysophosphatidic acid; mAb, monoclonal antibody; SEM, standard error of mean.Fig. 1

3.2. Inhibition of autophagy blocks GT-induced autophagy in astrocytes {#sec3.2}
----------------------------------------------------------------------

To examine whether GT-mediated autophagic activity is affected by an autophagy blocker, astrocyte culture was pretreated with 3-methyladenine (3-MA), the well-known class III phosphatidylinositol 3-kinase (class III PI3-kinase) inhibitor frequently used in autophagy inhibition [@bib27]. Here, we found that pretreatment with 3-MA completely and significantly blocked GT-induced autophagy ([Fig. 2](#fig2){ref-type="fig"}A). We also checked the influence of 3-MA pretreatment on GT-induced autophagy in human U87MG glioblastoma cells. Our results indicated that GT-treated U87MG cells exhibited significantly attenuated LC3-II expression when pretreated with an autophagy inhibitor ([Supplementary Fig. 3](#appsec1){ref-type="sec"}). Furthermore, immunostaining data revealed that pretreatment with 3-MA significantly inhibited the formation of LC3 puncta in astrocytes ([Figs. 2](#fig2){ref-type="fig"}B, 2C). Therefore, our findings indicate that class III PI3K has an important role in controlling GT-induced autophagy in primary cortical astrocytes.Fig. 2Blockage of autophagy inhibited GT-mediated autophagy in astrocytes. (A) Astrocytes were pretreated (3 h) with 3-MA and treated with 10 μg/mL of GT for 24 h. LC3-II/LC3-I expressions were determined by Western blotting. The Western blot band intensities were measured by Image J software, and each expression was normalized to control β-actin. Statistical analysis was performed by two-way ANOVA, and the data were represented as the mean ± SEM (n = 3, \*\*\**P* \< 0.001, ns = non-significant). (B) Cells were fixed and stained with Alexa fluor 555--conjugated anti-GFAP mouse mAb (red) and Alexa fluor 488--conjugated anti-LC3 antibody (green), and images of the cells were taken with a confocal microscope. (C) The numbers of LC3 puncta were quantified in minimum 3 independent random areas of each slide, and at least 5 cells were counted. Statistical analysis was performed by two-way ANOVA (\**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001).3-MA, 3-methyladenine; ANOVA, analysis of variance; DAPI, 4′,6-diamidino-2-phenylindole; GFAP, Glial fibrillary acidic protein; GT, gintonin; SEM, standard error of mean.Fig. 2

3.3. GT induces autophagy via stimulation of AMPK-mTOR signaling pathway in astrocytes {#sec3.3}
--------------------------------------------------------------------------------------

AMPK serves as a sensor of intracellular energy maintenance that is stimulated under low intracellular energy state. For example, nutrient deprivation leads to the initiation of autophagy by AMPK-mTOR--mediated signaling pathway [@bib28]. However, AMPK also directly phosphorylates tumor-repressing protein, tuberous sclerosis complex 2 (TSC2), prompting inactivation of mTOR complex 1 [@bib29]. To elucidate the involvement of AMPK-mTOR--dependent pathway in GT-induced autophagy, we tested how GT regulates the phosphorylation of AMPK. Interestingly, GT treatment upregulated the phosphorylation of AMPK in a concentration-dependent manner. In addition, as opposed to the elevated AMPK phosphorylation, GT treatment decreased the phosphorylation of S6 ribosomal protein (Ser240/244), a downstream protein of mTOR complex 1 ([Fig. 3](#fig3){ref-type="fig"}A). To confirm whether GT-induced autophagy is mediated by the activation of AMPK activity, astrocyte culture was pretreated with compound C, an AMPK inhibitor. The pretreatment with AMPK inhibitor significantly reduced the levels of phosphor-AMPK and LC3 examined by immunoblotting assay, suggesting the involvement of the AMPK signaling pathway in GT-induced autophagy ([Fig. 3](#fig3){ref-type="fig"}B). Moreover, given that autophagy is increased when mTOR is inhibited [@bib30], we then compared whether GT-induced autophagy was controlled by the mTOR inhibitor rapamycin. Notably, immunoblotting analysis showed that rapamycin completely abolished the phosphorylation of S6 but significantly upregulated LC3-II expression when cotreated with GT in primary cortical astrocyte ([Fig. 3](#fig3){ref-type="fig"}C). Consistent with this result, immunostaining showed that the intensity of phospho-S6 was significantly decreased after cotreatment of GT and rapamycin and that rapamycin alone was able to completely block the expression of phosphorylation of S6 ribosomal protein (Ser240/244) ([Fig. 3](#fig3){ref-type="fig"}E). We also found that combined treatment of GT and rapamycin significantly increased the formation of LC3 puncta compared with the control, GT alone, or rapamycin alone ([Figs. 3](#fig3){ref-type="fig"}D, 3F). Collectively, our data propose that GT inhibits mTOR activation and regulates AMPK-mTOR pathways to enhance autophagy process.Fig. 3Role of AMPK-mTOR signaling cascade in GT-mediated autophagy in astrocytes. (A) Representative Western blot analyses of pAMPK, AMPK, pS6, and S6 expression in astrocytes treated with GT of different concentrations for 24 h. Astrocytes were pretreated with either Compound C for 1 h (B) or rapamycin for 30 min before (C) in the absence/presence of 10 μg/mL of GT for 24 h. pAMPK, AMPK, pS6, S6, and LC3-II/LC3-I were determined by immunoblotting. Densitometry analysis of represented proteins was performed using Image J analysis, and individual expression was normalized to control β-actin. Statistical analysis was performed by two-way ANOVA. All data are expressed as mean ± SEM (n = 3, *P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, ns = non-significant). (D) Red fluorescence indicates pS6 (Alexa Fluor 568 goat anti-rabbit), and DAPI (blue) indicates stained nucleus. Green fluorescence (Alexa fluor 488) indicates LC3, and images of the slides were captured through a confocal microscope. (E) pS6 intensities were determined via statistical analysis from confocal microscopy calculated in respective individual study were performed by two-way ANOVA (\*\*\**P* \< 0.001, ns = non-significant). (F) The numbers of LC3 puncta were quantified in minimum 3 independent random areas of each slide, and at least 5 cells were counted; analysis was performed by two-way ANOVA (\*\**P* \< 0.01, \*\*\**P* \< 0.001, ns = non-significant).AMPK, AMP-activated protein kinase; ANOVA, analysis of variance; DAPI, 4′,6-diamidino-2-phenylindole; GT, gintonin; mTOR, mammalian target of rapamycin; SEM, standard error of mean.Fig. 3

3.4. Autophagy initiation proteins Atg5 and Atg7 are involved in GT-induced autophagy in astrocytes {#sec3.4}
---------------------------------------------------------------------------------------------------

Atg5 and Atg7, autophagy-related genes, are necessary for vesicle initiation, nucleation, and elongation through phagophore formation of autophagy process [@bib31]. Recently, it has been described that Atg5 and Atg7 control and initiate autophagy through natural compound--mediated autophagy pathway in neuroblastoma cells [@bib32]. To find out the role of different Atg in GT-induced autophagy, we checked the role of Atg5 and Atg7 in astrocytes by knockdown with siRNA. An immunoblot of Atg5 and Atg7 showed that both Atg proteins are upregulated on GT treatment in dose- and time-dependent manners ([Figs. 4](#fig4){ref-type="fig"}A--4D). In addition, knockdown of Atg5 and Atg7 genes by siRNA significantly reduced GT-mediated LC3 expression compared with control siRNA in astrocyte culture determined by Western blot ([Figs. 4](#fig4){ref-type="fig"}E, 4F). Finally, we examined GT-mediated autophagy in astrocyte transiently transfected with either Atg5 or Atg7 siRNA. Confocal microscopic analysis showed that siRNA-mediated knockdown of Atg5 or Atg7 significantly reduced the formation of LC3 puncta compared with control siRNA in astrocytes ([Figs. 4](#fig4){ref-type="fig"}G--4I). Taken together, our results clearly indicate that GT-mediated autophagy in cortical astrocytes requires autophagy initiation proteins Atg5 and Atg7.Fig. 4GT-induced autophagy in Atg5- and Atg7-mediated pathway in astrocytes. (A, B, C, and D) Representative Western blot analyses of GT were performed in a concentration- and time-dependent manner. (E, F) Astrocytes were transfected using control siRNA, Atg5, and Atg7 siRNA for 48 h and then incubated by 10 μg/mL for 24 h. Atg5, Atg7, and LC3-II/LC3-I expressions were determined by immunoblotting. Densitometry analysis of represented proteins was performed using Image J program. Each result was expressed as mean ± SEM (n = 3, \**P* \< 0.05, \*\**P* \< 0.01). (G) Control siRNA, Atg5, and Atg7 siRNA were transfected for 48 h and incubated with 10 μg/mL of GT for 24 h. Astrocytes were fixed as well as stained with Alexa fluor 555--conjugated anti-GFAP mouse mAb (red) and Alexa fluor 488--conjugated anti-LC3 antibody (green), and the images of the cells were taken using a confocal microscope. (H, I) The numbers of LC3 puncta were quantified in minimum 3 independent random areas of each slide, and at least 5 cells were counted (\**P* \< 0.05). DAPI, 4′,6-diamidino-2-phenylindole; GFAP, Glial fibrillary acidic protein; GT, gintonin; SEM, standard error of mean.Fig. 4

3.5. GT affects Beclin-1 and Bcl-2 expression during autophagy in astrocytes {#sec3.5}
----------------------------------------------------------------------------

Beclin-1, an important initiator protein of autophagy, is involved in the preautophagosomal configuration assembly, thus making the core complex comprising of Beclin-1, Vps34, as well as Vps15 [@bib33]. However, Beclin-1 generally interlinks through its BH3 domain with Bcl-2 family member protein, which inhibits the involvement of Beclin-1 in accumulating preautophagosomal assembly by suppressing autophagy process [@bib34]. To study the role of Beclin-1 and Bcl-2 induction of autophagy, we examined Beclin-1 and Bcl-2 protein expression of GT-treated astrocytes. Interestingly, treatment of GT significantly upregulated the level of Beclin-1 but downregulated Bcl-2 level concentration dependently ([Fig. 5](#fig5){ref-type="fig"}A). GT also time-dependently increased Beclin-1 but decreased Bcl-2 in astrocytes ([Fig. 5](#fig5){ref-type="fig"}B). We additionally examined Beclin-1 in GT-treated autophagy by siRNA-mediated knockdown and found that Beclin-1 knockdown inhibited GT-induced LC3-II upregulation ([Fig. 5](#fig5){ref-type="fig"}C). Finally, we also found that siRNA-mediated Beclin-1 knockdown significantly decreased the number of LC3 puncta in astrocytes ([Figs. 5](#fig5){ref-type="fig"}D, 5E). Taken together, Beclin-1 is necessary for GT-mediated facilitation of autophagy in primary cortical astrocytes.Fig. 5GT enhanced beclin-1 and decreased Bcl-2 in astrocytes. (A, B) Beclin-1 and Bcl-2 proteins were determined from dose- and time-dependent effects of GT in astrocytes via Western blotting. Band intensities of represented proteins were measured using Image J. Statistical results were expressed as mean ± SEM (n = 3, \**P* \< 0.05, \*\**P* \< 0.01). (C) Astrocytes were transfected through control siRNA and Beclin-1 siRNA for 48 h and then incubated with 10 μg/mL for 24 h. Beclin-1 and LC3-II/LC3-I expressions were determined by immunoblotting. (D) After transfection, astrocytes were fixed as well as stained with Alexa fluor 555--conjugated GFAP mouse mAb (red) and Alexa fluor 488--conjugated anti-LC3 antibody (green), and the images of the cells were taken with a confocal microscope. (E) Numbers of LC3 puncta were counted in minimum 3 independent random areas of each slide, and at least 5 cells were counted (\**P* \< 0.05).DAPI, 4′,6-diamidino-2-phenylindole; GFAP, Glial fibrillary acidic protein; GT, gintonin.Fig. 5

3.6. GT induces autophagic flux in astrocytes {#sec3.6}
---------------------------------------------

The most commonly used method to determine "autophagic flux" is the measurement of LC3 turnover in which elucidation of LC3-II is destroyed during autolysosomes process of autophagy [@bib35]. In one approach, when cells are treated with lysosomotropic agents such as chloroquine, ammonium chloride, and bafilomycin A1, it either prevents the acidification of cell lysosome or prevents the binding of autophagosome structures with lysosome. Another way to study autophagic flux is to block lysosomal proteases with E-64d or pepstatin A, which inhibits the degradation of LC3-II, thereby increasing the levels of LC3-II [@bib36]. Consequently, the difference in the levels of LC3-II after drug treatment in the absence/presence of lysosomal blockers reveals the quantity of LC3 supplied to lysosomes for autophagic degradation [@bib37]. To measure the autophagic flux induced by GT, we applied E-64d/peps A or bafilomycin A1 and examined autophagy via immunoblotting and confocal immunostaining assay. The results suggest that LC3-II are dramatically and significantly increased on the treatment with E-64d/peps A or bafilomycin A1 in both GT-treated and nontreated conditions ([Figs. 6](#fig6){ref-type="fig"}A, 6B). Notably, the actual difference in LC3-II measured in the absence/presence of bafilomycin A1 or E-64d/peps A were greater under the GT treatment conditions, indicating that autophagic flux is significantly increased by GT treatment in astrocytes. Similarly, in confocal analysis, we also observed that GT further enhanced the formation of LC3 puncta fluorescence in astrocytes when autophagosomal degradation was inhibited by E-64d/peps A or bafilomycin A1 ([Fig. 6](#fig6){ref-type="fig"}C and D). Taken together, our finding indicates that GT has the capacity to enhance autophagic flux during autophagy signaling in cortical astrocytes.Fig. 6GT treatment induced autophagic flux in astrocytes. (A, B) Cells were pretreated with E-64d (10 μg/mL) as well as pepstatin A (10 μg/mL), or bafilomycin A1 for 1 h in the absence/presence of 10 μg/mL of GT for 24 h. LC3-II/LC3-I expressions were determined by Western blotting. All protein band intensities were measured using Image J. Statistical analysis was performed by two-way ANOVA. All data are presented as the mean ± SEM (n = 3, \**P* \< 0.05, \*\*\**P* \< 0.001). (C) After pretreatment with autophagy inhibitors, cells were incubated with 10 μg/mL of GT for 24 h. Astrocytes were fixed and stained with Alexa fluor 555 GFAP (red) and Alexa fluor 488 LC3 antibody (green), and images of the cells were taken with a confocal microscopy. (D) The numbers of LC3 puncta were counted in minimum 3 independent random areas of each slide, and at least 5 cells were counted, and analysis was performed by two-way ANOVA (\*\**P* \< 0.01, \*\*\**P* \< 0.001).ANOVA, analysis of variance; DAPI, 4′,6-diamidino-2-phenylindole; GFAP, Glial fibrillary acidic protein; GT, gintonin; SEM, standard error of mean.Fig. 6

3.7. GT treatment degrade autophagy-selective substrates p62/SQSTM1 in astrocytes {#sec3.7}
---------------------------------------------------------------------------------

We extended our study to measure the expression of autophagy substrates that could be used to monitor autophagic flux. Typically, autophagy has been considered as an indiscriminate degradation pathway, but other studies have identified numerous substrates that are specifically destroyed via autophagy, including ubiquitinated p62 protein (also called sequestome 1/SQSTM1) [@bib38]. Sometimes, p62 proteins are normally used as an indicator to examine autophagic flux determination as it not only binds directly to LC3 protein but also can be degraded by autophagy process. Therefore, blockage of autophagy pathway may lead to an increase in the total levels of p62 [@bib39]. Therefore, to determine the actual role of p62 in GT-mediated autophagy, we performed immunoblotting analysis of p62 protein expression in astrocyte culture. Having observed that LC3 was dose- and time-dependently increased by GT induction ([Fig. 1](#fig1){ref-type="fig"}), we examined whether GT also influences p62 in dose- and time-dependent manners in astrocytes ([Figs. 7](#fig7){ref-type="fig"}A, 7B). To elucidate the contribution of autophagy in p62 regulation, here we used an experimental approach based on the LC3 turnover assay conditions. E-64d/peps A or bafilomycin A1 are microtubule-disrupting agents that prevent the combination of autophagosome through lysosome. Therefore, treatment of lysosomotropic reagents promotes assembly of LC3-II as well as p62 during autophagosome formation. When the accumulation of autolysosome was inhibited by E-64d/peps A or bafilomycin A1, p62 level was significantly increased in response to GT treatment due to the impaired p62 degradation ([Figs. 7](#fig7){ref-type="fig"}C, 7D). These results suggest that autophagic flux induced by GT could be inhibited by lysosomotropic agents in the autophagic degradation stage in cortical astrocytes.Fig. 7GT treatment reduced autophagy substrates p62/SQSTM1 in astrocytes. (A, B) p62/SQSTM1 was determined from dose- and time-dependent effects of GT in astrocytes via immunoblotting. (C, D) Astrocytes were pretreated through E-64d and pepstatin A or bafilomycin A1 for 1 h in the absence/presence of 10 μg/mL of GT for 24 h. p62/SQSTM1 was examined by immunoblotting. All protein band intensities were examined using Image J. Presenting data were expressed as the mean ± SEM, and analysis was performed by two-way ANOVA (n = 3, \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, ns = non-significant).ANOVA, analysis of variance; GT, gintonin; SEM, standard error of mean.Fig. 7

3.8. GT dose- and time-dependently upregulates lysosome-associated membrane protein 1 in cortical astrocytes {#sec3.8}
------------------------------------------------------------------------------------------------------------

Autophagosome is impaired when lysosome protein number declines or when there is a selective diminishing in autophagosome and lysosome fusion or lysosome function [@bib40]. Thus, we examined the expression of the lysosome membrane proteins lysosome-associated membrane protein 1 (LAMP1) that can also be expressed in the cell surface of lysosomal fusion. Immunoblot analysis showed that GT treatment dose- and time-dependently upregulated LAMP1 in astrocytes culture ([Figs. 8](#fig8){ref-type="fig"}A, 8B). Finally, to examine whether the increased levels of LAMP1 resulted from the impairment in autophagic flux, we inhibited LC3/autophagosome degradation with E-64d/peps A or bafilomycin A1. Interestingly, we found that inhibition of autophagy by lysosomotropic agents significantly increased LAMP1 expression, and the cotreatment with GT also significantly enhanced LAMP1 expression levels in cortical astrocytes ([Figs. 8](#fig8){ref-type="fig"}C, 8D). Therefore, these data suggest that LAMP1 accumulates in the cytosol as a result of GT-induced autophagy and that impaired autophagic flux induces LAMP1 in mouse cortical astrocytes.Fig. 8GT-mediated regulation of autophagy--lysosome pathway in astrocytes. (A, B) Represented LAMP1 expressions were determined in a concentration-and time-dependent experiment of GT in astrocytes via immunoblotting. (C, D) Astrocytes were pretreated with E-64d and pepstatin A or bafilomycin A1 for 1 h in the absence/presence of 10 μg/mL of GT for 24 h. LAMP1 was measured by immunoblotting. (F, H) All representating protein band intensities were examined using Image J, and statistical analysis was performed by two-way ANOVA (n = 3, \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, ns = non-significant).ANOVA, analysis of variance; GT, gintoninl LAMP1, lysosome-associated membrane protein 1.Fig. 8

4. Discussion {#sec4}
=============

Autophagic degradation is a dynamically and tightly regulated pathway and extremely inducible progression during which damaged/misfolded proteins or organelles are encapsulated in the double-membrane structure of autophagy vesicles. The encapsulated proteins and organelles are then combined with lysosomes for degradation or recycling other products [@bib41]. Abnormal protein aggregates are correlated with dysregulation of autophagic flux, which may lead to neurodegeneration in the CNS [@bib16]. Accordingly, small-molecule autophagy enhancers might be used as wide-ranging therapeutics to rescue the impairment of autophagic flux in neurodegenerative disease. In this study, we found that a natural bioactive compound ginseng, GT, significantly enhances autophagy in addition to the expression of several Atgs such as Beclin1, Atg5, Atg7, and LC3. We also found that GT increases autophagic flux and upregulates the expression of lysosomal protein LAMP1 through ubiquitinated degradation of p62/SQSTM1 protein. Therefore, our findings could be suggested that GT may be used as an autophagic inducing agent in astrocytes as a potential regulator of neurodegeneration in future studies.

To the best of our understanding, the current work is the first investigation to explain that GT, an active component of ginseng, is responsible for the enhancement of autophagy in mouse cortical primary astrocytes via G protein--coupled LPA receptors--mediated pathways. It has been previously described that GT precisely and effectively activates the G protein--coupled LPA receptors and that the molecular actions of ginseng compounds are recently linked to LPA [@bib42]. This linkage explores a new dimension of pharmacological functions of ginseng and LPA interaction in therapeutics application. We showed that GT treatment dose- and time-dependently increases the most important autophagy protein LC3-II and that the autophagy inhibitor, 3-MA, significantly reduces GT-induced LC3-II and LC3 puncta formation ([Fig. 1](#fig1){ref-type="fig"}, [Fig. 2](#fig2){ref-type="fig"}). We also showed that GT treatment does not show any neuroinflammation when cotreated with neuroinflammatory compound, LPS and IFN-β. On the other hand, Ki16425, selective LPA inhibitor, abrogated GT-induced autophagy which might indicate the involvement of GPCR LPA receptors. Currently, there is no exactly detailed molecular mechanism of how Ki16425 inhibits GT-mediated modulation of autophagy in astrocyte cells, and further study is necessary to reveal exact molecular actions of how Ki16425 in addition to LPA receptors participate through GT-enhanced autophagy induction in cortical astrocytes.

Based on the previous observation, a conventional model of autophagy in mammalian cells comprises Unc-51 Like Autophagy Activating Kinase 1 (ULK1) , a main proautophagy adapter kinase, necessary for nucleation of the phagophore membrane formation to initiate autophagy. However, ULK1 activation is required for both mTOR complex 1 and energy-sensitive AMPK expression which stimulates autophagy in mTOR-dependent pathway [@bib43]. In detail, AMPK is phosphorylated, activated by LKB1 kinase, during low energy state as well as nutrient deprivation and thereby directly activates TSC1/2 complex toward Rheb to inhibit mTOR complex 1 signaling [@bib44]. In addition, stimulation of AMPK in yeast inhibits mTOR and activates autophagy process [@bib45]. Similarly, it has been shown that blocking of AMPK activity pharmacologically in mammalian cells with compound C inhibits autophagy [@bib46]. From our examination, we found that GT treatment dose-dependently increases phospho-AMPK and decreases phospho-S6 ribosomal protein during the autophagy. In addition, we also found that GT-mediated increase in the autophagy protein LC3 is significantly reduced in astrocytes when pretreated by compound C, suggesting the association of the AMPK signaling ([Fig. 3](#fig3){ref-type="fig"}). Furthermore, inhibition of mTOR complex 1, rapamycin, and induction of autophagy are associated with decreased phosphorylation of its downstream effectors such as S6 ribosomal protein (Ser240/244) and translation initiation factor of 4E-binding protein-1 [@bib47]. The present study elucidated that GT induction concentration-dependently downregulated the levels of phospho-S6 ribosomal protein and that similarly rapamycin cotreatment with GT significantly improved autophagy in astrocytes ([Fig. 3](#fig3){ref-type="fig"}). However, recent studies indicated that statin, a lipid-reducing medication, induces autophagy in astrocytes culture through AMPK-mTOR--mediated pathway, and thus, autophagy modulation might be responsible for therapeutic strategies pathology in Aβ by enhancing removal of Aβ toxicity [@bib48]. From these observations, we conclude that GT-mediated autophagy could be activated via an AMPK-activated mTOR-dependent pathway.

Importantly, gene knockdown of autophagy explains an additional precise method than pharmacological inhibition of autophagy. So far, deficiency of basal autophagy has been confirmed in the absence of numerous Atg gene such as Atg5 [@bib49], Atg7 [@bib50], Atg9a [@bib51], Atg16L1 [@bib52], Beclin 1 [@bib53], Ambra1 [@bib54], and FIP200 [@bib14] in cells. These genes must act as a first target for autophagy initiation for phagophore formation. Thus, when studying the role of a specific important autophagy gene with knockdown approaches, other investigators suggest that not only to check actual knockdown of targeted autophagy protein expression through each target siRNA but also to confirm effective autophagy inhibitor by well-known autophagy-inducing agents. In the present investigation, we observed that Beclin-1, Atg5, and Atg7 siRNA intensely inhibited Atg5, Atg7, and Beclin-1 expression and also decreased LC3 levels, representing defects in autophagy pathway due to the lack of autophagy initiation protein. Then, we explored the function of Atg5, Atg7, and Beclin-1 siRNA knockdown by immunostaining; the LC3 puncta levels were significantly decreased compared with the control siRNA in astrocytes ([Fig. 4](#fig4){ref-type="fig"}, [Fig. 5](#fig5){ref-type="fig"}). Recently, it has been reported that natural compound 18α-glycyrrhetinic acid-- [@bib32] and oxyresveratrol- [@bib30] mediated autophagy showed accumulation of Atg5, Atg7, and Beclin-1 and that individual siRNAs prevented autophagy in neuroblastoma cells. Furthermore, another latest study recommends that berberine, an isoquinoline alkaloid, decreases Aβ deposits after chronic administration in 3XTg AD mice model via increasing autophagy in class III PI3K/beclin-1 signaling pathway [@bib55]. Collectively, our results indicate that Atg5, Atg7, and Beclin-1 participate in astrocytes autophagosome initiation after GT treatment and that the knockdown of these genes decreases autophagic flux.

Furthermost, for many experimental conditions, it is essential to differentiate whether the accumulation of autophagosome is due to autophagy stimulation or the blockage of downstream autophagy steps by accomplishing "autophagic flux" analyses [@bib56]. It has been mentioned that the measurement of entire quantities of autophagosomes and autolysosomes detection could help distinguish among overall autophagy activation. Both the amounts of autophagosomes and autolysosomes and a blockage of autophagosome maturation that might be related with an enhancement of autophagosome quantities without a significant change in autolysosomes during autophagy process have been increased [@bib56]. However, Western blotting for endogenous LC3-II is one of the crucial measurement assays that could be applied to consistently observe autophagosome production or degradation with an amount of reprocessing taking place in the cytosolic surface of cells [@bib56]. The simultaneous application of autophagosome--lysosome fusion inhibitors such as combinations of E-64d/peps A or bafilomycin A1 which blocks the conjugation with lysosome or prevents lysosomal proteases at saturating concentrations is widely used *in vitro* to determine the activity of autophagic flux [@bib57]. It only designates whether an enhanced LC3-II in Western blot signal is mediated by increased autophagosome production or by a reduction in autophagosome degradation in autophagy process. In the present study, we found that LC3-II proteins are enhanced through combined treatment with E-64d/peps A or bafilomycin A1 even without GT treatment ([Fig. 6](#fig6){ref-type="fig"}). However, the difference in LC3-II levels in the absence/presence of bafilomycin A1 or E-64d/peps A is larger in response to GT treatment ([Fig. 6](#fig6){ref-type="fig"}), indicating that GT enhanced autophagic flux. There have been similar findings indicating that a sialic acid--containing glycosphingolipids, gangliosides, enhanced a puncta formation of fluorescently tagged LC3 in primary astrocyte culture in ICR mice when treated with lysosomotropic agents [@bib58]. Based on the studies discussed previously, the present investigation shows that GT is capable of increasing a punctate distribution which enhances autophagosome synthesis by induction of autophagic flux in astrocytes.

In several other investigations, the quantification of cellular p62/SQSTM1 seems to relate with additional parameters with autophagic flux determination, and assay appears pretty promising. However, p62 and LC3 could be transcriptionally controlled through autophagy and may distinguish in the clarification of p62 as well as LC3 which are main indicators of autophagic flux determination [@bib59]. Therefore, we also examined the quantification of an important autophagic substrate p62 in addition to another autonomous experiment to estimate autophagic flux induced by GT. Our immunoblotting result indicates that when autophagosome--lysosome fusion is blocked by E-64d/peps A and bafilomycin A1, p62 protein increases in GT-treated cells and that increasing LC3-II diminishes p62 degradation of cortical astrocytes ([Fig. 6](#fig6){ref-type="fig"}, [Fig. 7](#fig7){ref-type="fig"}). These findings are similar to the impairment of autophagic flux in astrocyte cells when intoxicated by trimethyltin after treatment with lysosomotropic agents [@bib60]. Furthermore, it has been found that lysosomes are responsible for degrading many macromolecules that are derived from an extracellular space via phagocytosis or endocytosis during autophagy [@bib61]. Moreover, LAMP-1 might be responsible in interaction as well as fusion of lysosomes with themselves and other cell constituents such as phagosomes, endosomes, and plasma membrane [@bib62], although its specific actions are basically unknown. To address the specific functions of LAMP1 in GT-mediated autophagy pathway, we used lysosomotropic agents, E-64d/peps A or bafilomycin A1, which prevent binding of lysosome to autophagosome. Therefore, our Western blot data show that inhibition of autophagy by E-64d/peps A or bafilomycin A1 increases LAMP1 expression and that cotreatment with GT also increased LAMP1 expression ([Fig. 8](#fig8){ref-type="fig"}). These data suggested that LAMP1 accumulation in the cytosol is the product of GT-mediated autophagy, and the inhibition of autophagy could exhibit more LAMP1 upregulation in cortical astrocytes.

It is important for natural product research for the reliable means of bioavailability improvement because some naturally occurring compounds are economical, safe, nontoxic, nonadditive, nonallergenic, and pharmacologically inert in nature, although oral bioavailability of ginsenosides is very poor because it cannot be easily absorbed by the intestines due to its hydrophilic properties [@bib63]. In addition to the ginsenosides, other components are found in ginseng, such as flavonoids, polysaccharides, volatile oils, and the nonsaponin compound so-called gintonin [@bib64]. There were no studies regarding the bioavailability properties of GT. However, in the everted sac system, permeation increase as the GT concentration increases from 0.1 mg/mL to 5 mg/mL, and GT permeation into the sac became saturated at approximately 3 mg/mL [@bib65], which suggests that GT might be also absorbed through an intestinal transporter. Therefore, our indicated concentrations of GT may have effectively reached the brain, although it remains to be evaluated in a future study. Recently, it has been found that GT labeled with fluorophore bound to neurons, endothelial cells, and glia in the brain subsequent its entrance to the brain through the paracellular pathway [@bib66]. Thus, GT might be an herbal medicine--derived candidate to reach the brain through Blood--brain barrier (BBB) .
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